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(57) ABSTRACT

A numerical controller that controls a multi-axis machine tool
performs speed control based on an instructed path allowable
acceleration and an instructed path allowable jerk in a relative
path (instructed path) of a tool with respect to a workpiece,
and performs speed control based on a tool reference point
path allowable speed, a tool reference point path allowable
acceleration and a tool reference point path allowable jerk in
a tool reference point path being a relative path, with respect
to the workpiece, of a point in the tool (tool reference point)
that is different from a tool center point. As a result, it is
possible to prevent occurrence of large acceleration and jerk
in a path of the tool center point with respect to the workpiece,
as well as occurrence of large speed, acceleration and jerk in
the path of the tool reference point with respect to the work-
piece.

16 Claims, 9 Drawing Sheets
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1
NUMERICAL CONTROLLER FOR SPEED
CONTROL ACCORDING TO INSTRUCTED
PATH SPEED CONDITION

RELATED APPLICATION DATA

This application claims priority under 35 U.S.C. §119 and/
or §365 to Japanese Application No. 2011-242764 filed Nov.
4, 2011, the entire contents of which are incorporated herein
by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a numerical controller that
controls a multi-axis machine tool in which a workpiece that
is attached to a table is machined by at least three linear axes
and one rotation axis. More particularly, the present invention
relates to a numerical controller that performs speed control
based on an allowable acceleration and an allowable jerk in an
instructed path being a relative path of a tool with respectto a
workpiece, speed control based on an allowable speed, an
allowable acceleration and an allowable jerk in each driving
axis, and speed control based on a tool reference point path
allowable speed, a tool reference point path allowable accel-
eration and a tool reference point path allowable jerk in a
below-described tool reference point path.

2. Description of the Related Art

In machine tools, a driving axis speed condition such as
driving axis allowable speed, driving axis allowable accelera-
tion and driving axis allowable jerk are applied to the driving
axes of actual movement. Japanese Patent Application Laid-
Open No. 2008-225825 discloses a configuration wherein a
driving axis does not exceed an allowable speed, an allowable
acceleration or an allowable jerk, through interpolation of an
instructed path by working out the speed on the instructed
path that satisfies these driving axis speed conditions. The
time derivative of acceleration, i.e. the degree of change of
acceleration, is referred to as jerk in the above document.

In Japanese Patent Application Laid-Open No. 2008-
225825 above, a first derivative, a second derivative and a
third derivative, which are time derivatives, are worked out
for a movement distance s on an instructed path, in such a
manner so as not to exceed the driving axis allowable speed,
the driving axis allowable acceleration and the driving axis
allowable jerk. On the basis of the first, second and third
derivatives, the instructed path is interpolated by changing the
distance s, and the driving axes are operated by performing
then inverse kinematic conversion. However, Japanese Patent
Application Laid-Open No. 2008-225825 above does not
suggest the feature of performing speed control based on an
instructed path allowable acceleration and an instructed path
allowable jerk in an instructed path being a relative path of a
tool with respect to the workpiece.

US Patent Application Publication No. 2009/0295323 dis-
closes a technology wherein there is worked out the largest
jerk (path jolt r(s)) on an instructed path that satisfies a driving
axis speed condition such as driving axis allowable speed,
driving axis allowable acceleration and driving axis allowable
jerk; the jerk is integrated, to work out acceleration on the
instructed path (path acceleration a(s)); the acceleration is
integrated to work out speed on that instructed path (path
speed v(s)); and the instructed path in interpolated based on
that speed. However, the technology disclosed in US Patent
Application Publication No. 2009/0295323 does not envisage
control of a multi-axis machine tool where machining is
performed in at least three linear axes and one rotation axis.

10

20

40

45

2

Accordingly, there is no distinction between the driving axis
speed and the instructed path speed, and there is no assump-
tion that the driving axis path and the instructed path are
different for the multi-axis machine tool. Accordingly, US
Patent Application Publication No. 2009/0295323 does not
suggest the feature of performing speed control based on an
instructed path allowable acceleration and an instructed path
allowable jerk in an instructed path being a relative path of a
tool with respect to a workpiece, which are different from a
driving axis allowable speed, driving axis allowable accelera-
tion and driving axis allowable jerk.

International Publication WO 2011/064816 discloses a
technology wherein, in a case where a driving axis path is
instructed, there is performed interpolation by working out a
feed speed on a driving axis path, such that the speed of a tool
center point (end point of the tool), with respect to a work-
piece, is an allowable speed (reference speed). However, WO
2011/064816 above does not suggest the feature of perform-
ing speed control based on an instructed path allowable accel-
eration and an instructed path allowable jerk in an instructed
path being a relative path of a tool with respect to the work-
piece.

Performing speed control in such a manner so as not to
exceed a driving axis allowable speed, a driving axis allow-
able acceleration or a driving axis allowable jerk, is a conven-
tional technique, as disclosed in Japanese Patent Application
Laid-Open No. 2008-225825 and US Patent Application Pub-
lication No. 2009/0295323 above. Ordinarily, a driving axis
allowable speed, a driving axis allowable acceleration and a
driving axis allowable jerk are set, as set values, through
measurement of an allowable speed, an allowable accelera-
tion and an allowable jerk in each driving axis, during manu-
facture ofthe machine tool. That is, the driving axis allowable
speed, driving axis allowable acceleration and driving axis
allowable jerk are ordinarily set, as set values, for parameters
and the like in the numerical controller, as machine tool
conditions.

In order to perform machining of higher precision and
higher quality, speed control is required also based on an
instructed path allowable acceleration and an instructed path
allowable jerk on an instructed path that is instructed by a
machining program. In particular, there is often a large dif-
ference between the movement path of the driving axes and
the instructed path, which is the travel path of the tool with
respect to the workpiece during machining in a multi-axis
machine tool where machining is performed in at least three
linear axes and one rotation axis. Accordingly, speed control
based on an instructed path allowable acceleration and an
instructed path allowable jerk of a tool center point on an
instructed path which is a relative path of a tool center point
with respect to the workpiece and is instructed by a machining
program, is an important issue in order to perform machining
of higher precision and higher quality. That is because tool
marks may be formed on the machined surface if acceleration
and jerk in the instructed path are excessive, and grooves may
be formed on account of excessive tool infeed.

An instance will be explained wherein, for example, an
instructed path being a relative path with respect to a work-
piece, of a tool center point that is located in a program
coordinate system, is instructed by a machining program, on
a program coordinate system, as illustrated in FIG. 1. The
actual workpiece is disposed on a table that rotates about two
rotation axes (A-axis, C-axis) such as those illustrated in FI1G.
2, and is machined by a tool. In the machining program, the
instructed path ofthe tool center point is instructed at X, Y and
Z positions on the program coordinate system, the instructed
path speed is instructed as a speed F and the tool direction is
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instructed as a rotation axis position (A-axis and C-axis posi-
tion) and a tool direction vector (FIG. 1),

In this machining program, the X, Y and Z instructions are
linear instructions. In actual machining, however, the X, Y
and Z-axes, as driving axes, with rotational movement of the
A-axis and C-axis, move tracing a curve on a machine coor-
dinate system, as in the driving axis path of F1G. 2. Herein, the
driving axes are controlled so as to move within allowable
speed, allowable acceleration and allowable jerk, according
to conventional technologies. However, no control is per-
formed on the allowable acceleration and allowable jerk of
the instructed path, being a relative path of the tool center
point with respect to the workpiece. Therefore, large accel-
eration and/or jerk may occur on the path of the tool center
point with respect to the workpiece, in particular at corners in
the machining program and at curved portions of large cur-
vature. In such cases, tool marks in the tool length direction
may appear on the machined surface, in particular, during
machining of the workpiece with the side face of the tool, and
grooves may be formed on account of excessive tool infeed.
Recesses may also become formed on account of excessive
infeed during machining with the tool center point (FIG. 3).
The driving axes operate at high speed, high acceleration and
high jerk, in particular, in high-rigidity and high-speed
machine tools where large allowable speed, allowable accel-
eration and allowable jerk are set for each driving axis. As a
result, large acceleration and jerk occur also in the path of the
tool center point with respect to the workpiece, and tool
marks, grooves and/or recesses may be formed in such
machined surfaces.

Upon machining of a workpiece with the side face of a tool,
it is necessary to perform speed control based on the accel-
eration and jerk of the tool center point, but also speed control
based on the allowable speed, allowable acceleration and
allowable jerk in the tool reference point path, which is a
relative path of the tool reference point with respect to the
workpiece, by setting, as the tool reference point, a reference
position on the tool different from the tool center point (for
instance, a tool position corresponding to a machining top
face) (FIG. 1 and FIG. 2). In the machining of FIG. 2, a
workpiece is cut with a cutting blade at a part between a tool
center point and a tool reference point. Therefore, if no speed
control is performed at the tool reference point, similarly to
speed control at the tool center point, then tool marks may be
formed on the machined surface, and grooves or the like may
be formed on account of excessive tool infeed, as in FIG. 3.

SUMMARY OF THE INVENTION

Therefore, it is an object of the present invention to provide
a numerical controller that allows realizing machining of
higher precision and higher quality by preventing the occur-
rence of grooves or the like on a machined surface on account
of excessive tool infeed, and the occurrence of tool marks
derived from large acceleration or jerk in a path of a tool
center point with respect to a workpiece, or derived from large
speed, acceleration or jerk, on the path of the tool reference
point with respect to the workpiece.

The numerical controller according to the present inven-
tion is a numerical controller that controls a multi-axis
machine tool in which a workpiece that is attached to a table
is machined by at least three linear axes and one rotation axis,
the numerical controller comprising: an instructed path speed
condition input unit that inputs, as an instructed path speed
condition, an instructed path speed and an instructed path
allowable acceleration in an instructed path, which is a rela-
tive path of a tool center point with respect to a workpiece and
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is instructed by a machining program; a driving axis speed
condition input unit that inputs, as a driving axis speed con-
dition, a driving axis allowable speed and a driving axis
allowable acceleration for a driving axis; a clamp value com-
putation unit that computes an instructed path interval allow-
able speed and an instructed path interval allowable accelera-
tion on the basis of the instructed path speed condition, for
each of division intervals resulting from dividing the
instructed path into a plurality of intervals, further computes
a driving axis interval allowable speed and a driving axis
interval allowable acceleration on the basis of the driving axis
speed condition, sets the smaller value from among the
instructed path interval allowable speed and the driving axis
interval allowable speed to a speed clamp value, and sets the
smaller value from among the instructed path interval allow-
able acceleration and the driving axis interval allowable
acceleration to an acceleration clamp value; a speed curve
computation unit that works out a speed curve as a largest
speed on the instructed path that does not exceed the speed
clamp value or the acceleration clamp value; and an interpo-
lation unit that performs interpolation of the instructed path
according to the speed based on the speed curve, and com-
putes a driving axis movement amount through conversion of
an interpolated instructed path interpolation position to a
driving axis position, wherein each axis is driven in accor-
dance with the driving axis movement amount.

The numerical controller may be configured so that the
instructed path speed condition input unit inputs, as an
instructed path speed condition, also an instructed path allow-
able jerk in addition to the instructed path speed and the
instructed path allowable acceleration, the driving axis speed
condition input unit inputs, as the driving axis speed condi-
tion, also a driving axis allowable jerk in addition to the
driving axis allowable speed and the driving axis allowable
acceleration, the clamp value computation unit, for each of
the division intervals: computes also an instructed path inter-
val allowable jerk in addition to the instructed path interval
allowable speed and the instructed path interval allowable
acceleration, on the basis of the instructed path speed condi-
tion that has been inputted; computes also a driving axis
interval allowable jerk in addition to the driving axis interval
allowable speed and the driving axis interval allowable accel-
eration, on the basis of the driving axis speed condition that
has been inputted; and sets the smaller value from among the
instructed path interval allowable jerk and the driving axis
interval allowable jerk to ajerk clamp value, in addition to the
speed clamp value and the acceleration clamp value, and the
speed curve computation unit works out a speed curve as a
largest speed on the instructed path that does not exceed the
jerk clamp value either in addition to the speed clamp value
and the acceleration clamp value.

The numerical controller may be configured so that the
numerical controller may further have a tool reference point
path speed condition input unit that inputs, as a tool reference
point path speed condition, a tool reference point path allow-
able speed and a tool reference point path allowable accelera-
tion in a tool reference point path being a relative path, with
respect to the workpiece, of a tool reference point being a
reference point on the tool which is different from the tool
center point, wherein the clamp value computation unit, for
each of the division intervals: computes the instructed path
interval allowable speed and the instructed path interval
allowable acceleration, on the basis of the instructed path
speed condition that has been inputted; computes the driving
axis interval allowable speed and the driving axis interval
allowable acceleration, on the basis of the driving axis speed
condition that has been inputted; further computes a tool
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reference point path interval allowable speed and a tool ref-
erence point path interval allowable acceleration, on the basis
of'the tool reference point path speed condition that has been
inputted; and sets, to the speed clamp value, the smallest value
from among the instructed path interval allowable speed, the
driving axis interval allowable speed and the tool reference
point path interval allowable speed, and sets, to the accelera-
tion clamp value, the smallest value from among the
instructed path interval allowable acceleration, the driving
axis interval allowable acceleration and the tool reference
point path interval allowable acceleration.

The numerical controller may be configured so that the
numerical controller may further have a tool reference point
path speed condition input unit that inputs, as a tool reference
point path speed condition, a tool reference point path allow-
able speed, a tool reference point path allowable acceleration
and a tool reference point path allowable jerk in a tool refer-
ence point path being a relative path, with respect to the
workpiece, of atool reference point being a reference point on
the tool which is different from the tool center point, wherein
the instructed path speed condition input unit inputs, as the
instructed path speed condition, also an instructed path allow-
able jerk in addition to the instructed path speed and the
instructed path allowable acceleration, the driving axis speed
condition input unit inputs, as the driving axis speed condi-
tion, also a driving axis allowable jerk in addition to the
driving axis allowable speed and the driving axis allowable
acceleration, the clamp value computation unit, for each of
the division intervals: computes also an instructed path inter-
val allowable jerk in addition to the instructed path interval
allowable speed and the instructed path interval allowable
acceleration, on the basis of the instructed path speed condi-
tion that has been inputted; computes also a driving axis
interval allowable jerk in addition to the driving axis interval
allowable speed and the driving axis interval allowable accel-
eration, on the basis of the driving axis speed condition that
has been inputted; further computes a tool reference point
path interval allowable speed, a tool reference point path
interval allowable acceleration and a tool reference point path
interval allowable jerk, on the basis of the tool reference point
path speed condition that has been inputted; and sets, to the
speed clamp value, the smallest value from among the
instructed path interval allowable speed, the driving axis
interval allowable speed and the tool reference point path
interval allowable speed, sets, to the acceleration clamp
value, the smallest value from among the instructed path
interval allowable acceleration, the driving axis interval
allowable acceleration and the tool reference point path inter-
val allowable acceleration, and sets, to the jerk clamp value,
the smallest value from among the instructed path interval
allowable jerk, the driving axis interval allowable jerk and the
tool reference point path interval allowable jerk; and the
speed curve computation unit works out a speed curve as a
largest speed on the instructed path that does not exceed the
jerk clamp value either in addition to the speed clamp value
and the acceleration clamp value.

The multi-axis machine tool may be a table rotation-type
five-axis machine tool having three linear axes and two rota-
tion axes about which a table rotates, a tool head rotation-type
five-axis machine tool having three linear axes and two rota-
tion axes about which a tool head rotates, or a mixed five-axis
machine tool having three linear axes, one rotation axis about
which a tool head rotates, and one rotation axis about which
a table rotates.

The present invention succeeds in providing a numerical
controller that controls a multi-axis machine tool in which a
workpiece that is attached to a table is machined by at least
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three linear axes and one rotation axis, and that performs
speed control based on an instructed path allowable accelera-
tion and an instructed path allowable jerk in an instructed path
being a relative path of a tool with respect to the workpiece.
The invention succeeds also in providing a numerical con-
troller that performs speed control based on a tool reference
point path allowable speed, a tool reference point path allow-
able acceleration and a tool reference point path allowable
jerk in a tool reference point path being a relative path, with
respect to the workpiece, of a tool reference point that is
different from the tool center point. As a result, the invention
allows realizing machining of higher precision and higher
quality by preventing the occurrence of tool marks, grooves
or the like on a machined surface on account of excessive tool
infeed derived from large acceleration or jerk in a path of a
tool center point with respect to a workpiece, or derived from
large speed, acceleration or jerk, in the path of the tool refer-
ence point with respect to the workpiece.

BRIEF DESCRIPTION OF THE DRAWINGS

The abovementioned object and features of the present
invention, and other objects and features, will become appar-
ent from the explanation of the examples below with refer-
ence to accompanying drawings, wherein:

FIG. 1is a diagram for explaining an instructed path being
a relative path, with respect to a workpiece, of a tool center
point that is located in a program coordinate system;

FIG. 2 is a diagram for explaining an instance of machin-
ing, using a tool, of a workpiece that is placed on a table that
rotates about two rotation axes (A-axis and C-axis);

FIG. 3 is a diagram for explaining tool marks formed on a
machined surface, and grooves and recesses that form on
account of excessive tool infeed;

FIG. 4 is a diagram for explaining an example of a machin-
ing program for machining a workpiece in a table rotation-
type five-axis machine tool having three linear axes and two
rotation axes about which a table rotates;

FIG. 5 is a diagram for explaining the features of working
out allowable speeds svp and svr of an instructed path cumu-
lative length s for each division interval resulting from divid-
ing an instructed path into a plurality of intervals, according to
the length s, setting svp and svr to an instructed path interval
allowable speed and a driving axis interval allowable speed,
respectively, and setting the smaller value from among svp
and svr to a speed clamp value svc;

FIG. 6 is a diagram for explaining the feature of working
out allowable accelerations sap and sar for each division
interval resulting from dividing an instructed path cumulative
length s into intervals, setting sap and sar to an instructed path
interval allowable acceleration and a driving axis interval
allowable acceleration, respectively, and setting the smaller
value from among sap and sar to an acceleration clamp value
sac;

FIG. 7 is a diagram for explaining the features of working
out allowable jerks sjp and sjr for each division interval result-
ing from dividing an instructed path cumulative length s into
intervals, setting sjp and sjr to an instructed path interval
allowable jerk and a driving axis interval allowable jerk,
respectively, and setting the smaller value from among sjp
and sjr to a jerk clamp value sjc;

FIG. 8 is a diagram for explaining the generation of a speed
curve svl, on the basis of a speed clamp value svc and accel-
eration clamp value sac determined for each division interval,
such that the speed curve svl yields the largest speed that
satisfies the speed clamp value svc and the acceleration clamp
value sac;
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FIG. 9 is a diagram for explaining the generation of a speed
curve svl, on the basis of a speed clamp value svc, an accel-
eration clamp value sac, and a jerk clamp value sjc, in a case
where a jerk clamp value sjc is worked out according to an
additional condition, such that the speed curve svl yields the
largest speed that satisfies the speed clamp value svc, the
acceleration clamp value sac and the jerk clamp value sjc;

FIG. 10 is a diagram for explaining a tool head rotation-
type five-axis machine tool having three linear axes and two
rotation axes about which a tool head rotates;

FIG. 11 is a diagram for explaining a mixed five-axis
machine tool having three linear axes, one rotation axis about
which a tool head rotates, and one rotation axis about which
a table rotates;

FIG. 12 is a block diagram for explaining a numerical
controller that performs speed control based on an instructed
path speed condition, according to the present invention;

FIG. 13 isaflowchartillustrating a process in a clamp value
computation unit in a first embodiment of the numerical con-
troller according to the present invention; and

FIG. 14 is a flowchartillustrating a process in a clamp value
computation unit in a second embodiment of the numerical
controller according to the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

First Embodiment

A table rotation-type five-axis machine tool having three
linear axes and two rotation axes about which a table rotates,
such as the one in FIG. 2, is used as the multi-axis machine
tool that is controlled by the numerical controller according to
the present invention. A table rotates about an A-axis and a
C-axis, and a tool head is operated in the X, Y and Z-axes.
Herein, the table rotates about the A-axis and the C-axis, but
may rotate about other rotation axes (B-axis and C-axis, or
A-axis and B-axis). There are also instances where the table is
operated disposed in the X, Y or Z-axis.

A machining program is instructed for instance as illus-
trated in FIG. 4. Herein, G43.4 denotes a G code for the start
of'tool center point control that controls the relative path of a
tool center point with respect to a workpiece, and G49 is a G
code for canceling tool center point control. Various blocks
X_,Y_, Z_ between G43.4 and G49 are instructions of an
instructed path, as a relative path of the tool center point with
respect to the workpiece. Herein, A_, C_ are instructions for
rotation axis movement in order to modify the tool direction
along with movement of the tool center point. The tool direc-
tion can be instructed by way of vectors, suchas1_,J_,K_.An
instruction in such an instance can be regarded as identical to
that of FIG. 4, through conversion of the instructed tool direc-
tion vector to a rotation axis position A_, C_, and hence the
present invention can also be used in such an instance. Herein,
F denotes an instruction of instructed path speed (F instruc-
tion) in the instructed path, such that instruction is performed
in varying-speed blocks, and H_ instructs a tool length com-
pensation amount. The present invention is applicable to a
program instruction for tool center point control, i.e. from
instructions G43.4 to G49.

As illustrated in FIG. 1, the instructed path p that is
instructed as the tool center point position on the program
coordinate system is represented by a function p(s) having an
instructed path cumulative length s as a parameter. Herein,
p(s) is a vector in which the X, Y, Z, A and C elements on the
program coordinate system are represented by cubic equa-
tions of s, as in Expression (1) below. For simplicity, p(s) has
been depicted in FIG. 1 as astraight line, but in a general case,
p(s) is a cubic equation represented by Expression (1). The
cubic equations are generated from an instruction group X_,
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8

Y_,7Z_,A_, C_of FIG. 4. The method for generating cubic
equations from the instruction group X_,Y_,Z_,A ,C_isa
conventional feature, and will not be explained in detail. In
Expression (1), ax, bx, cx, dx and so forth are the respective
coefficients of s°, s?, s and so forth. Needless to say, the
instructed path can be represented by other function forms,
for instance straight lines, arcs, NURBS curves or the like.

For the sake of simpler calculation notations, pa(s), pc(s)
will be respectively notated hereafter as A and C in the body
of the description, including mathematical expressions, and
in the drawings.
L

axs® + bxns® + cxxs +dx

px(s)
py(s) ay s> +byxs? +cyxs+dy
pls) = pz(s) =| azxs® +bzxs? +czxs +dz
pa(s)(= A) aaxs® +baxs® +caxs+ da
pe)(=C)

ac s> +bexs® +coxs+de

In Japanese Patent Application Laid-Open No. 2008-
225825, as explained above, a spindle path q(s) on the pro-
gram coordinate system is generated using a function f, based
on the instructed path (tool path) p(s), and a driving axis path
r(s) is generated, using a function g, on the basis of q(s), as in
Expression (2) below. In Expression (2), q(s) and r(s) are
vectors having X, Y, Z, A and C elements.

q(s) = f(p(s) @

ris) = g(g(s))

rx(s)
ry(s)
rz(s)

ra(s)

r(s) =

re(s)

gx(s)
gy(s)
qz(s)
ga(s)
ge(s)

g(s) =

In the above-described Japanese Patent Application Laid-
Open No. 2008-225825, machine configurational elements
are not included from the instructed path p(s) up to the spindle
path q(s), and machine configurational elements are intro-
duced into the function g for generation of the driving axis
path r(s), from the spindle path q(s). Hence, the two-stage
division p—q—r makes it possible to standardize p—q,
regardless of the machine configuration. Although p—»r is
also possible in two stages like the Japanese Patent Applica-
tion Laid-Open No. 2008-225825, the relationship between
p(s) and r(s) is important in the present invention, and hence
the relationship between p(s) and r(s) is given by Expression
(3) below by generating the driving axis path r(s) from a
function h and p(s).

#(s)=h(p(s)) 3

In case of machine configuration of FIG. 2, the above
Expression (3) is given shape to Expression (4) below. In the
expression, Th is a tool length compensation vector, and L. is
atool length compensation amount, such that there is a vector
in the Z-axis direction alone, although the vector may be
formulated as having also X, Y elements in consideration of
the tool diameter and so forth. Further, Mt is a matrix that
represents table rotation, and the constituent elements RA™!,
RC™! are matrices for reverse rotation by A about the X-axis
and by C about the Z-axis.
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r(s) = Mt=p(s)+ Th 4)

rx(s)
ry(s)
r(s) = | rz(s)
ra(s)

re(s)

Mr=RA™ «RC!

0
0
Th=|L
0
0
1 0 0 00
0 cosA sinA 0 0O
RA™ =|0 —sinA cosA 0 0
0 0 0 10
0 0 0 01
cosC sinC 0 0 0
—sinC cosC 0 0 0
RC'=| 0 0 100
0 0 010
0 0 001

The first derivative, second derivative and third derivative
p", ", r'" of p(s) and r(s) with respect to s are given respec-
tively by Expression (5), Expression (6), Expression (7),
Expression (8), Expression (9) and Expression (10) below.
For simplicity, the notation (s) will be omitted below when
obvious. The prime symbols “*, “"> and “" in Mt' (RA™))",
A" and so forth denote respectively the first derivative, sec-
ond derivative and third derivative with respect to instructed
path cumulative length s. The symbol “*” denotes multipli-
cation. Also, sin AA' means (sin A)*A'. The same is true of
other trigonometric functions.

= (MDY «p+Mrxp' (5)

=((RA™Y «RC + RAT w (RCYY)up +
RA™ « RC 7V p’

0 0 0 00
0 —sinAA” cosAA” 0 0
(RATY =|0 —cosAA’” —sinAA’ 0 0
0 0 0 00
0 0 0 00

—sinCC’  cosCC’ 0
—cosCC’  —sinCC’ 0

RCY = 0 0 0
0 0 0

0 0 0

o o O o O
o o O o O
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=M sp+2sMUxp + Mixp”

(RATYY =

(RCYHY =

”

P

"

={(RA™Y «RC' +2(RA™YY

=M« p+3«MU" «p +3« MU« p” + Mrxp™”
={(RA™Y" «RC +3(RA™)" «(RC™H) +

0
0 —cosAA’? — sinAA”
0

0
0

—cosCC™? = sinCC”

10

-continued

3axxs® +2bxxs + cx
3ay«s? +2by«s +cy
3agxs? + 2bges +cz
3aaxs? +2baxs+ ca

3acxs? +2bcxs + cc

(RCY +RA w(RCY Y up +
HRA™Y «RC + RAT x (RCTYY}

p +RAT R RC & p”
0

sinAA’% — cosAA”
0
0

sinCC? — cosCC”
0
0
0

6ax«s +2bx
6ay « s + 2by
6az«s +2bz
6aa x5 +2ba
6ac s + 2bc

3RA™YY « (RCYY + RAT w(RCYHY Y p +
BRA™ «RC™ + 6« (RA™Y »(RC_1) +

3RA D= (RCH Y p’ +

—sinAA’? + cosAA”
—cosAA’? — sinAA”

—sinCC”? + cosCC”
—cosCC™? = sinCC”

0

o o O

BRA™YY «(RCTH +3RA ™« (RCY }p” +

(RA™HY % (RC Yy w p”

o o o o O

000

o o o O

©

o

®

)
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11
-continued
0 0 0 00 (10)
sinAA”® = —cosAA” —
0 3cosAA’A” — 3sinAA’A” + 0 0
sinAA”” cosAA”
(RATHY" = cosAA” + sinAA” —
0 3sinAA’A” — 3cosAA’A” - 0 0
cosAA” sinAA"”
0 0 0 00
0 0 0 00
sinCC”™ — —cosCC" —
3cosCC'C" — 3sinCC’'C”"+ 0 0 0
sinCC"™” cosCC”
cosCC™ + sinCC"? —
(RCY” =| 36inCC' ¢ = BeosCC'C” = 0 0 0
cosCC™” sinCC”’
0 0 000
0 0 000
0 0 000
6ax
6ay
p"” =| 6az
6aa
6ac

Using the calculation results of the foregoing, Expression
(11) (instructed path allowable acceleration condition) and
Expression (12) (instructed path allowable jerk condition)
below are computed on the basis of an instructed path allow-
able acceleration and an instructed path allowable jerk in the
instructed path. In the expressions, pi denotes the axis ele-
ments (i=X, V, z, a, ¢) of p; sv denotes the first time derivative
(speed) of s, sa denotes the second time derivative (accelera-
tion) of s, and sj denotes the third time derivative (jerk) of's.
Herein, Expression (11) (instructed path allowable accelera-
tion condition) is a necessary condition. Expression (12) (in-
structed path allowable jerk condition) is an additional con-
dition in cases where machining of yet higher precision and
yet higher quality is required. Herein, s, sv, saand sj are scalar
magnitudes.

dzpi_ ” (ds)2+ . dzs_ 7 s 4 pf < Api (1D
il i b pix — = pi” v+ pil wsa < Api
dSpi oy (ds 3 ” &s ds . s (12)
e = pi *(E) +3*pl*W*E+pl*W=

pi"'svd + 3w pi” wsaxsv + pl wsj < Jpi

Api is the allowable acceleration in each axis in the
instructed path, and is referred to as instructed path allowable
acceleration. Jpi is the allowable jerk of each axis in the
instructed path, and is referred to as instructed path allowable
jerk. These Api and Jpi are instructed path speed conditions,
and are set beforehand as set values, or are instructed in the
form of a program instruction. The Api and Ipi are inputted by
way of an instructed path speed condition input unit. As
mentioned above, Expression (11) (instructed path allowable
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acceleration condition) is a necessary condition, and Expres-
sion (12) (instructed path allowable jerk condition) is an
additional condition that is computed when necessary. In the
instructed path speed condition input unit, therefore, the
instructed path allowable acceleration is necessary input data,
the instructed path allowable jerk is additional input data that
is inputted when necessary. Ordinarily, Api and Jpi (i=x, y, 7)
in X,Y and Z are identical, regardless of i. Alternatively, Api
and Jpi in X, Y and Z can be computed as the resultant
acceleration and the resultant jerk of X, Y and Z. The allow-
able acceleration and allowable jerk in the instructed path that
is the relative path of the tool center point with respect to the
workpiece are based on machining conditions (target machin-
ing precision, tool that is used, workpiece material and so
forth). Therefore, the allowable acceleration and allowable
jerk may be instructed or set for each machining run. The
same applies to a tool reference point path allowable speed,
allowable acceleration and allowable jerk that are described
below.

Expression (13), Expression (14) and Expression (15)
below are obtained on the basis of the foregoing (Expression
(11) and Expression (12)) and a condition whereby sv does
not exceed the instructed path speed (instruction F). The
instructed path speed is the instruction F that is instructed as
a speed instruction in the program. Herein, sv is prescribed
not to exceed the instructed path speed (instruction F), but as
in the case of Api and Jpi, the allowable speed for each axis in
the instructed path, i.e. Vpi, may be set beforehand and sv
may be set so as notto exceed the smaller one from among Vpi
orthe instructed path speed (instruction F) in Expression (13).

sv=instruction F

(13)

. Api— pi” = sv? (14)
METT
. Jpi— pi" wsv® =3 pi” sa® xsv (15)
5f = —
pi

The largest sv that satisfies the foregoing expressions on
the instructed path and the largest sa, sj that satisfy the fore-
going expressions for each axis in the instructed path are an
allowable speed svp, an allowable acceleration sap and an
allowable jerk sjp of s according to an instructed path speed
condition. As mentioned above, Expression (11) (instructed
path allowable acceleration condition) is a necessary condi-
tion, and Expression (12) (instructed path allowable jerk con-
dition) is an additional condition. Therefore, although
Expression (13) and Expression (14) are derived necessarily,
Expression (15) is not derived in a case where only the
instructed path allowable acceleration is inputted and the
instructed path allowable jerk is not inputted in the instructed
path speed condition input unit. In this case, sjp has no con-
dition, and may take on any large value (positive value) or
small value (negative value).

Likewise, Expression (16) (driving axis allowable speed
condition), Expression (17) (driving axis allowable accelera-
tion condition) and Expression (18) (driving axis allowable
jerk condition) below are computed on the basis of a driving
axis allowable speed, a driving axis allowable acceleration,
and a driving axis allowable jerk for the driving axes. Herein,
ri are axis elements (i=x, y, 7, a, ¢) of r. As already explained,
sv denotes the first time derivative (speed) of s, sa denotes the
second time derivative (acceleration) of s, and sj denotes the
third time derivative (jerk) of's.
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dri o ds o v 16)
o Sy E ey Vi
&ri o ods\: o ds ] (17
Rl (E] + ri o = sy +ri’ xsa < Ari
& ri r dsy? " &s ds " s (18)
e = (E) + 3% *W*E-‘—”*Wz

ri" wsv 4 3w ri” wsawsy + i’ wsj < Jri

In the expressions, Vri, Ari and Jri are the driving axis
allowable speed, driving axis allowable acceleration and driv-
ing axis allowable jerk (i=x, v, z, a, ¢) of each driving axis
(X-axis, Y-axis, Z-axis, A-axis and C-axis). Herein, Vri, Ari
and Jri are driving axis speed conditions, and are set before-
hand as set values, or are instructed in the form of a program
instruction. These Vri, Ari and Jri are inputted through a
driving axis speed condition input unit. As described above,
Expression (16) (driving axis allowable speed condition) and
Expression (17) (driving axis allowable acceleration condi-
tion) are necessary conditions, and Expression (18) (driving
axis allowable jerk condition) is an additional condition that
is computed when necessary. Therefore, also in the driving
axis speed condition input unit, the driving axis allowable
speed and the driving axis allowable acceleration are neces-
sary input data, and the driving axis allowable jerk is addi-
tional input data to be inputted when necessary. Inputting
these driving axis speed conditions and computing Expres-
sion (16), Expression (17) and Expression (18) correspond-
ing thereto are conventional features. Expression (19),
Expression (20), Expression (21) below are obtained from the
foregoing.

Vri 19)
svE o
Ari = ri" % 5v? (20)
4 £ ————
ri’
C dri—ri" esv® = 3xri”sa® xsv 21
sj < —

Ia)

The largest sv, sa and sj that satisty the foregoing expres-
sions for each driving axis are an allowable speed svr, an
allowable acceleration sar and an allowable jerk sjr of s
according to a driving axis speed condition. As described
above, Expression (16) (driving axis allowable speed condi-
tion) and Expression (17) (driving axis allowable acceleration
condition) are necessary conditions, and Expression (18)
(driving axis allowable jerk condition) is an additional con-
dition. Therefore, although Expression (19) and Expression
(20) are derived necessarily, Expression (21) is not derived in
acase where only the Vri driving axis allowable speed and the
Ari driving axis allowable acceleration are inputted, and the
Jri driving axis allowable jerk is not inputted, in the driving
axis speed condition input unit. In this case, sjr has no con-
dition, and may take on any large value (positive value) or
small value (negative value).

By virtue of Expression (13), the allowable speed svp of s
is worked out, to yield an instructed path interval allowable
speed, for each division interval resulting from dividing the
instructed path into a plurality of intervals according to the
instructed path cumulative length s, as illustrated in FIG. 5.
Likewise, the allowable speed svr of s for each division inter-
val is worked out based on the basis of Expression (19), to
yield a driving axis interval allowable speed. Herein, the
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intervals can be set according to various methods in which,
for instance, every given distance is set as an interval, or an
instruction block unit in the machining program is set as an
interval, or there is set an interval of a length that is inversely
proportional to curvature such that a short-distance interval is
set in a large-curvature site. In each interval, p(s) is repre-
sented by a given function, such as the one in Expression (1)
above. (Although Expression (1) is a cubic equation, the
function may take on another function form, as already
explained for Expression (1)). Since svp and svr are derived
from Expression (13) and Expression (19), svp and svr are
values that are represented by svp(s), svr(s) that vary with s
within each division interval. For simplicity in the calcula-
tions hereafter, however, svp and svr will be regarded as
constant within each division interval. That is, taking ss and se
as the start point and end point of s, respectively, in a given
division interval, then svp and svr are the smaller values from
among svp(ss) and svp(se), and the smaller value of svr(ss)
and svr(se), at the origin or the end point, as given by Expres-
sion (22). Alternatively, svp and svr are set as constants
according to a method wherein svp and svr are set as the
values of svp(s), svp(s) and svr(s), svr(s) at a midpoint
between the origin and the end point, as given by Expression
(23). Also, svp and svr can be set to values of svp(s), svr(s) at
appropriate representative points between ss and se. Of
course, svp and svr may be set not as constant within each
division interval, but as variable with s, as in svp(s) and svr(s).
The same is true of sap, sar, sjp, sjr and the below-described
(second embodiment) svgs, saqs and sjgs.

syp=Min{svp(ss),svp(se)}

svr=Min{svr(ss),svr(se)} (22)
55 +5€ 23

Svp = svp( 3 ) @3
S5+ se

Svr = svr( 3 )

In FIG. 5, the dashed line denotes the instructed path inter-
val allowable speed svp and the solid line denotes the driving
axis interval allowable speed svr for each division interval.
The smaller value from among the foregoing is a speed clamp
value svc. That is, sve=Min(svp, svr). In FIG. 5, svp is
depicted as different at each division interval, assuming an
instance wherein the instruction F is modified and instructed
for each division interval.

Likewise, the allowable speed sap and allowable accelera-
tion sar of s are worked out for each division resulting from
dividing the instructed path cumulative length into intervals,
as illustrated in FIG. 6, according to Expression (14) and
Expression (20), to yield an instructed path interval allowable
acceleration and a driving axis interval allowable accelera-
tion, respectively. The smaller value from among the forego-
ing is set to an acceleration clamp value sac. That is, sac=Min
(sap, sar). In FIG. 6, the dashed line denotes the instructed
path interval allowable acceleration sap for each division
interval, and the solid line denotes the driving axis interval
allowable acceleration sar. The smaller value from among the
foregoing is set to the acceleration clamp value sac.

Likewise, in a case where Expression (15) and Expression
(21) are derived by the additional conditions, sjp and sjr are
worked out for each division resulting from dividing s into
intervals, as illustrated in FIG. 7, according to Expression
(15) and Expression (21), to yield an instructed path interval
allowable jerk and a driving axis interval allowable jerk,
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respectively. The smaller of the foregoing is set to a jerk
clamp value sjc. That is, sjc=Min(sjp, sjr). In FIG. 7, the
dashed line denotes sjp for each division interval, the solid
line denotes sjr, and the smaller of the foregoing is set to the
jerk clamp value sjc.

A speed curve svl that yields the largest speed that satisfies
the svc and sac worked out for each interval is generated on
the basis of svc and sac. In a case where, for instance, svc and
sac are worked out, like the broken line of FIG. 8, the speed
curve svl can be worked out in the form of the solid line in
FIG. 8 (top diagram) as the largest speed that satisfies svc and
sac. The speed curve svl is generated by generating sal for sa
(acceleration), from the local minimum region of svc towards
the right and the left, while the sal is made a maximum value
within sac, and by integrating then sal with respect to time.

When svl reaches svc, there is set sal=0 and svl=svc. Thus,
svl from the right and the left of a local minimum region reach
a site at which svl takes on a same svl value for a same s, and
the speed curve svl is generated as a result. The local mini-
mum regions such as M1, M2, M3 and M4 in FIG. 8 are
regions at which svc increases towards the left and right from
the region, and include the origin and the end point of the
instructed path. Although svc is only positive, sac is effective
both for acceleration and deceleration, and hence the accel-
eration clamp value that is worked out as described above as
an absolute value is negative and positive like FIG. 8 (lower
diagram).

In FIG. 8, specifically, sal is generated while taking a
positive sac, as sa, to the right from the local minimum region
M1 at the origin, and sal is integrated with respect to time to
generate svl. When svl reaches svc, there are set sal=0 and
svl=svc. Likewise, sal is generated while taking a negative
sac, as sa, to the left from the local minimum region M3, and
sal is integrated with respect to time to generate svl. When svl
reaches svc, there are set sal=0 and svl=svc.

Also, svl from M1 to M3 is generated when the value of svl
generated from the local minimum region M1 to the right and
the value of svl generated from the local minimum region M3
to the left take on a same value s. At this time, svl generated
from the local minimum region M2 to the left is equal to or
greater than the svl generated from the local minimum region
M1. Accordingly, since svl that is generated from the local
minimum region M2 is included in the svl that is generated
from the local minimum region M1, it is not used. Likewise,
svl is generated from the local minimum region M3 to the
right, and from the end point M4 to the left. At the local
minimum region M3, there holds svl=svc. The svl generated
from M1 to M3 to M4 is the speed curve svl that is worked out.
In FIG. 8 (likewise in FIG. 9 described below), s and t stand
in a one-to-one correspondence to each other, and hence share
the same abscissa axis, for convenience. However, the scale of
s and the scale of t are dissimilar in fact.

In a case where sjc is worked out according to an additional
condition, then a speed curve svl is generated that yields the
largest speed that satisfies svc, sac and sjc, on the basis of the
svc, sac and sjc of each division interval. As in the case of sac
which is found on the positive and negative side, as an abso-
lute value, the jerk clamp value worked out for sjc is found as
well on the positive and negative side, as an absolute value
like FIG. 9 (lower diagram).

In a case where, for instance, svc, sac and sjc are worked
out, like the broken line of FIG. 9, a speed curve svl can be
worked out in the form of the solid line in FIG. 9 (topmost
diagram) as the largest speed that satisfies svc, sac and sjc.
The curve sal is generated by generating sjl for sj (jerk), from
the local minimum region of svc towards the right and the left,
while the sjl is made a maximum value within sjc, and by
integrating then sjl with respect to time.

When sal reaches sac, there are set sal=sac and sjl=0.
Further, svlis generated through time integration of sal. When
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svl reaches svc, there are set svl=svc, sal=0 and sjl1=0. If svl
from the right of a local minimum region and also svl from the
left of the local minimum region are obtained as the same
value svll at s=s1, as from M1 and from M3 in FIG. 9, then the
speed curve svl is generated between M1 and M3. Likewise,
It svl from the right of a local minimum region and also svl
from the left of the local minimum region are obtained as the
same value svI2 at s=s2, as from M3 and from M4 in FIG. 9,
then the speed curve svl is generated between M3 and M4.
Herein, s1 (s2) and svll (svI2) are obtained by numerical
calculation, for instance in accordance with a bisection
method. The specific method is a conventional one, disclosed
in US Patent Application Publication No. 2009/0295323
above, and will not be explained in detail here. The purpose of
the method in US Patent Application Publication No. 2009/
0295323 is to work out the jerk (path jolt r(s)), whereas the
object of the present invention is to work out a speed curve to
perform interpolation.

Speed for an instructed path cumulative length (movement
distance along the instructed path p) s is worked out on the
basis of the speed curve svl that is worked out as described
above. Interpolation of instructed path p is performed then on
the basis of that speed, to work out an instructed path inter-
polation position. A driving axis movement amount is worked
out through conversion of the instructed path interpolation
position to a driving axis position. That is, a speed sv0 is
worked out based on the svl that corresponds to a position
s=s0 as worked out in a previous interpolation period, and
s1=s0+sv0*At is set to the position of s at the current inter-
polation period, where At is an interpolation period time. And
p(s1) is an instructed path interpolation position in the current
interpolation period. Further, r(s)=h(p(s1)) given by Expres-
sion (3) is a driving axis position for the instructed path
interpolation position. The above computation is carried out
in an interpolation unit. The computation in the interpolation
unit is a conventional feature, and will not be explained in
detail.

Second Embodiment

Ifthe workpiece is machined by the side face of the tool, as
already explained, some instances require speed control by
acceleration or jerk of the tool center point, and also speed
control by allowable speed, allowable acceleration and allow-
able jerk in a tool reference point path being a relative path of
the tool reference point with respect to the workpiece,
wherein the above tool reference point is set to a specific
position on the tool that is different from the tool center point
(for instance, a position on the tool corresponding to the
machining top face) (FIG. 1, FIG. 2). That is, the speed is
instructed in the instructed path by the instruction F. There-
fore, the travel speed of the tool center point in the instructed
path is not greater than the instructed value F thereof. There-
fore, the allowable speed for the instructed path (Vpi
described above) is ordinarily unnecessary. In some
instances, however, in the path of the tool reference point, the
speed may be larger than the instructed speed of the F instruc-
tion at the tool center point, and hence speed control based on
the tool reference point path allowable speed becomes nec-
essary.

As the characterizing feature of the second embodiment,
accordingly, a point on the tool spaced apart from the tool
center point position by a reference length (Ls) is set as a tool
reference point, and speed control is further performed at the
tool reference point, as compared with the first embodiment
described above.

For the instructed path p(s) that is instructed as the tool
center point position on the program coordinate system, a tool
reference point path gs(s) that is the path of the tool reference
point is given by Expression (24) below. In Expression (24),
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avector Ts of the reference length Ls is multiplied by a matrix
Mh that represents the rotation of a tilt component by the
A-axis and the C-axis, which are rotation axes, and p(s) is
added to the multiplication result, to yield a tool reference
point path gs(s) (see FIG. 1).

gs(s) = p(s)+ Mh=Ts (24)
gsx(s)
gsy(s)
gs(s) = | gsz(s)
gsa(s)
gsc(s)
Mh=RC+RA
0
0
Ts=|Ls
0
0
1 0 0 00
0 cosA —sinA 0 0O
RA=[0 sinA cosA 0 0
0 0 0 10
0 0 0 01
cosC —sinC 0 0 0
sinC cosC 0 0 0
RC=| 0 0 100
0 0 010
0 0 001

The first derivative, second derivative and third derivative
gs', gs", gs" of gs(s) with respect to s can be worked out by
performing the same calculation as in the first embodiment
but using Expression (24) instead of Expression (4). As in the
case of the above-described Expression (16), Expression (17)
and Expression (18), herein Expression (25) (tool reference
point path allowable speed condition), Expression (26) (tool
reference point path allowable acceleration condition) and
Expression (27) (tool reference point path allowable jerk
condition) are computed on the basis of the tool reference
point path allowable speed, a tool reference point path allow-
able acceleration and a tool reference point path allowable
jerk ofthe tool reference point path. In the expressions, qsi are
axis elements (i=x, y, 7, a, ¢) of qs, and as described above, sv
is the first time derivative (speed) of's, sa is the second time
derivative (acceleration) of's, and sj is the third time derivative
(jerk) of's.

dgsi d 25
%:qsi’*jj:qsi’*svﬁ%]si @)
d gsi dsy 2 (26)
df;l = gsi” *(de) +gsi’ TI; = gsi” xsv? + gsi’ wsa < Agsi
M: si”/*(ﬁ)3+3* Si”*ﬁ*§+ si’*ﬁ = @7
ar ¢ dr 4 FT TR ds

gs?" wsv + 3ugst” wsaxsv +gsi’ xsj < Jgsi

In the expressions, Vqsi, Agsi and Jqsi are the tool refer-
ence point path allowable speed, tool reference point path
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allowable acceleration and tool reference point path allow-
able jerk (i=x, y, z, a, ¢) of each axis (X, Y and Z, A-axis and
C-axis) in each tool reference point path. Also, Vgsi, Agsiand
Jgsi are tool reference point path speed conditions, and are set
beforehand as set values (default values), or are instructed in
the form of a program instruction. Herein, Vgsi, Agsi and Iqsi
are inputted by way of a tool reference point path speed
condition input unit. As in the case of the instructed path
speed conditions, Expression (25) (tool reference point path
allowable speed condition) and Expression (26) (tool refer-
ence point path allowable acceleration condition) are neces-
sary conditions, and Expression (27) (tool reference point
path allowable jerk condition) is an additional condition that
is computed when necessary. In the tool reference point path
speed condition input unit, therefore, the tool reference point
path allowable speed and the tool reference point path allow-
able acceleration are necessary input data, and the tool refer-
ence point path allowable jerk is additional input data to be
inputted when necessary. Ordinarily, Vgsi, Agsi and Jgsi (i=x,
y, z) in the X-axis, Y-axis and Z-axis are identical, or, alter-
natively, Vgsi, Agsi and Jgsi in the X-axis, Y-axis and Z-axis
can be calculated as the resultant speed, resultant acceleration
and resultant jerk in the X-axis, Y-axis and Z-axis.

Expression (28), Expression (29) and Expression (30)
below are obtained from the foregoing.

o< Vgsi (28)
T ogsi
Agsi— gsi” xsv? (29)
s ————————
gsi’
(30)

o Jgsi—gsi”’ wsv =3 ugs”sa’ xsv
sj<

gsi’

The largest sv, sa, sj that satisfy the foregoing expressions
for each axis are the allowable speed svgs, the allowable
acceleration sags and allowable jerk sjgs of's according to the
tool reference point path speed condition. As mentioned
above, Expression (25) (tool reference point path allowable
speed condition) and Expression (26) (tool reference point
path allowable acceleration condition) are necessary condi-
tions, and Expression (27) (instructed path allowable jerk
condition) is an additional condition. Therefore, although
Expression (28) and Expression (29) are derived necessarily,
Expression (27) and Expression (30) are not derived in a case
where only the tool reference point path allowable speed Vsi
and the tool reference point path allowable acceleration Agsi
are inputted, and the tool reference point path allowable jerk
Jgsi is not inputted, in the tool reference point path speed
condition input unit. In this case, sjqs has no condition, and
may take on any large value (positive value) or small value
(negative value).

In the first embodiment, the instructed path interval allow-
able speed svp and the driving axis interval allowable speed
svr are worked out for each division interval resulting from
dividing s into intervals, such that the smaller value from
among the foregoing is the speed clamp value sve. In the
present embodiment, additionally, the tool reference point
path interval allowable speed svgs as well is worked out for
each division interval, and the smallest value from among
svp, svr and svqs is set to the speed clamp value svc. That is,
sve=Min(svp, svr, svqs). In the first embodiment described
above, the instructed path interval allowable acceleration sap
and the driving axis interval allowable acceleration sar are
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worked out for each division interval, and the smaller value
from among the foregoing is set to the acceleration clamp
value sac. In the present embodiment, additionally, a tool
reference point path interval allowable acceleration sags is
worked out for each division interval, and the smallest value
from among sap, sar and sags is set to the acceleration clamp
value sac. That is, sac=Min(sap, sar, sags). Similarly, in the
first embodiment described above, the instructed path interval
allowable jerk sjp and the driving axis interval allowable jerk
sjr are worked out for each division interval, and the smaller
of the foregoing is set to the jerk clamp value sjc. In the
present embodiment, additionally, the tool reference point
path interval allowable jerk sjqgs is worked out for each divi-
sion interval, and the smallest value from among sjp, sjr and
sjgs is set to the jerk clamp value sjc. That is, sjc=Min(sjp, sjr,
sjgs). The process thereafter is identical to that of the first
embodiment, and will not be explained again.

Third Embodiment

In the first and the second embodiments described above,
the multi-axis machine tool controlled by the numerical con-
troller according to the present invention is a table rotation-
type five-axis machine tool, and in a third embodiment, is a
tool head rotation-type five-axis machine tool, such as the one
illustrated in FIG. 10, having three linear axes and two rota-
tion axes about which a tool head rotates.

In this case, the relationship between p(s) and r(s) is given
by Expression (31) below, instead of Expression (4) in the
first embodiment described above. In Expression (31), Mh is
a matrix that represents tool head rotation. The constituent
elements RB, RC are matrices for rotation by B about the
Y-axis and by C about the Z-axis.

r(s) = p(s) + Mh=Th (BD

rx(s)
ry(s)
rz(s)

ra(s)

r(s) =

re(s)

px(s)

py(s)

pz(s)
pb(s)( = B)
pe(s)(=C)

pls) =

Mh=RC«RB

Th =

o o~ o o

0 0 0
cosB —sinB 0
sinB  cosB 0

0 0 1

1
0
RB=|0
0
0 0 0 0

-0 O O O
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-continued
cosC —sinC 0 0 0
sinC cosC 0 0 0
RC=| 0 0 100
0 0 010
0 0 001

Otherwise, the third embodiment is identical to the first
embodiment and the second embodiment, and hence a further
explanation will be omitted.

Fourth Embodiment

In a fourth embodiment, the multi-axis machine tool that is
controlled by the numerical controller according to the
present invention is a mixed five-axis machine tool having
three linear axes, one rotation axis about which a tool head
rotates, and one rotation axis about which a table rotates as
shown in FIG. 11. In this case, a calculation is performed
identical to that of Expression (31), for the tool head, and
identical to that of Expression (4), for the rotation table. In the
present embodiment, the relationship between p(s) and r(s) is
given by Expression (32) below, instead of Expression (4) in
the first embodiment described above. Otherwise, the
embodiment is identical to the first embodiment and the sec-
ond embodiment, and hence a further explanation will be
omitted.

r(s) = RC % p(s) + RB=Th (32)
rx(s)
ry(s)
r(s) =| rz(s)
ra(s)
re(s)
px(s)
py(s)
pls) = pzls)
ph(s)( = B)
pels)( = 0)
0
0
Th=|L
0
0
1 0 0 00
0 cosB —sinB 0 0
RB=|0 sinB cosB 0 0
0 0 0 10
0 0 0 01
cosC sinC 0 0 0
—sinC cosC 0 0 0
RCl=| 0 0 100
0 0 010
0 0 001

In the first to fourth embodiments described above,
examples have been illustrated in which the present invention
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is used in a five-axis machine tool having two rotation axes,
but if one rotation axis from among the two rotation axes is
rendered unnecessary by making the position of the axis a
fixed position, the multi-axis machine tool that is controlled
by the numerical controller according to the present invention
can be used then as a four-axis machine tool having one
rotation axis.

Block Diagram

Next, the first and the second embodiments of the numeri-
cal controller according to the present embodiment are
explained with reference to FIG. 12.

In the numerical controller, ordinarily, interpolation data is
generated through analysis of the machining program in an
instruction analysis unit 10; the positions to which the tool is
to move in each axis is worked out through interpolation on
the basis of the interpolation data, in an interpolation unit 12;
and servos (14X, 14Y, 147, 14A(B), 14C) in each axis are
driven based on these positions.

In the numerical controller according to the present inven-
tion, the instructed path speed (instruction F), the instructed
path allowable acceleration and the instructed path allowable
jerk are inputted by an instructed path speed condition input
unit 20; the driving axis allowable speed, the driving axis
allowable acceleration and the driving axis allowable jerk are
inputted by a driving axis speed condition input unit 22; and
the tool reference point path allowable speed, the tool refer-
ence point path allowable acceleration and the tool reference
point path allowable jerk are inputted by a tool reference point
path speed condition input unit 24. The speed clamp value,
the acceleration clamp value and the jerk clamp value are
computed, on the basis of the above speed conditions, for
each division interval, by a clamp value computation unit 18.
The speed curve as the largest speed that does not exceed the
speed clamp value, the acceleration clamp value or the jerk
clamp value, is computed by a speed curve computation unit
16. The interpolation unit 12 performs interpolation accord-
ing to speed based on the speed curve, computes a driving axis
movement amount through conversion of an interpolated
instructed path interpolation position to a driving axis posi-
tion, and drives each axis servo (14X, 14Y, 147, 14A(B),
14C) in accordance with the driving axis movement amount.
Interpolation and conversion in the interpolation unit 12 are
conventional interpolation and conversion.

The tool reference point path speed condition input unit 24
can be omitted in an embodiment where the workpiece is not
machined by the tool side face.

FIG. 13 isaflowchartillustrating a process in a clamp value
computation unit in a first embodiment of the numerical con-
troller according to the present invention.

The process starts in block G43.4 of FIG. 4 and ends in
block G49. Herein, the division intervals are instruction block
units. The number of the division interval is notated as k, and
svc, sac and sjc of each division interval are represented with
k as the index of svc, sac and sjc in each division interval. The
various steps are explained next.

[Step SA01] There is set k=0, and one block (block G43.4)
is read.

[Step SA02] It is determined whether or not the read block
is block (G49. If the read block is block G49 (determination:
YES), the process is terminated; if the read block is not block
(G49 (determination: NO), the process proceeds to step SA03.

[Step SA03] Herein, svp, svr, sap, sar, sjp and sjr are
worked out in a k-th interval (k-th block) on the basis of
Expression (4) to Expression (22).

[Step SA04] Herein, sve(k), sac(k) and sjc(k) are worked
out on the basis of sve(k)=Min(svp, svr), sac(k)=Min(sap,
sar) and sjc(k)=Min(sjp, sjr).

25

30

40

45

55

65

22

[Step SA05] There is set k=k+1, a next block is read, and
the process returns to step SA02.

FIG. 14 is a flowchart illustrating a process in a clamp value
computation unit in a second embodiment of the numerical
controller according to the present invention.

The process starts in block G43.4 of FIG. 4 and ends in
block G49. Each division interval constitutes an instruction
block unit. The number of the division interval is notated as k,
and svc, sac and sjc of each division interval are represented
with k as the index of svc, sac and sjc in each division interval.
The various steps are explained next.

[Step SB01] There is set k=0, and one block (block G43.4)
is read.

[Step SB02] It is determined whether or not the read block
is block G49. If the read block is block G49 (determination:
YES), the process is terminated; if the read block is not block
(G49 (determination: NO), the process proceeds to step SB03.

[Step SB03] Herein, svp, svr, svqgs, sap, sar, sags, sjp, sjr
and sjqs are worked out in a k-th interval (k-th block) on the
basis of Expression (4) to Expression (22) and Expression
(24) to Expression (30).

[Step SB04] Herein, svc(k), sac(k) and sjc(k) are worked
out based on sve(k)=Min(svp, svr, svgs), sac(k)=Min(sap,
sar, sags) and sjc(k)=Min(sjp, sjt, sjqs).

[Step SBO5] There is set k=k+1, a next block is read, and
the process returns to step SB02.

What is claimed is:

1. A numerical controller that controls a multi-axis
machine tool in which a workpiece that is attached to a table
is machined by at least three linear axes and one rotation axis,
the numerical controller comprising:

an instructed path speed condition input unit that inputs, as
an instructed path speed condition, an instructed path
speed and an instructed path allowable acceleration of a
tool center point with respect to the workpiece in an
instructed path, which is a relative path of the tool center
point with respect to the workpiece and is instructed by
a machining program;

a driving axis speed condition input unit that inputs, as a
driving axis speed condition, a driving axis allowable
speed and a driving axis allowable acceleration for a
driving axis;

a clamp value computation unit that computes an instructed
path interval allowable speed and an instructed path
interval allowable acceleration on the basis of the
instructed path speed condition, for each of division
intervals resulting from dividing the instructed path into
a plurality of intervals, further computes a driving axis
interval allowable speed and a driving axis interval
allowable acceleration on the basis of the driving axis
speed condition, sets the smaller value from among the
instructed path interval allowable speed and the driving
axis interval allowable speed to a speed clamp value, and
sets the smaller value from among the instructed path
interval allowable acceleration and the driving axis
interval allowable acceleration to an acceleration clamp
value;

a speed curve computation unit that computes a speed
curve as a largest speed on the instructed path that does
not exceed the speed clamp value or the acceleration
clamp value; and

an interpolation unit that performs interpolation of the
instructed path according to speed based on the speed
curve, and computes a driving axis movement amount
through conversion of an interpolated instructed path
interpolation position to a driving axis position,
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wherein each axis is driven in accordance with the driving
axis movement amount.

2. The numerical controller according to claim 1,

wherein the instructed path speed condition input unit
inputs, as the instructed path speed condition, also an
instructed path allowable jerk of the tool center point
with respect to the workpiece in addition to the
instructed path speed and the instructed path allowable
acceleration,

the driving axis speed condition input unit inputs, as the
driving axis speed condition, also a driving axis allow-
able jerk in addition to the driving axis allowable speed
and the driving axis allowable acceleration,

the clamp value computation unit, for each of the division
intervals:

computes also an instructed path interval allowable jerk in
addition to the instructed path interval allowable speed
and the instructed path interval allowable acceleration,
on the basis of the instructed path speed condition that
has been inputted;

computes also a driving axis interval allowable jerk in
addition to the driving axis interval allowable speed and
the driving axis interval allowable acceleration, on the
basis of the driving axis speed condition that has been
inputted; and

sets the smaller value from among the instructed path inter-
val allowable jerk and the driving axis interval allowable
jerk to a jerk clamp value, in addition to the speed clamp
value and the acceleration clamp value, and

the speed curve computation unit computes a speed curve
as a largest speed on the instructed path that does not
exceed the jerk clamp value either in addition to the
speed clamp value and the acceleration clamp value.

3. The numerical controller according to claim 1, further

comprising:

a tool reference point path speed condition input unit that
inputs, as a tool reference point path speed condition, a
tool reference point path allowable speed and a tool
reference point path allowable acceleration of a tool
reference point with respect to the workpiece in a tool
reference point path being a relative path, with respect to
the workpiece, of a tool reference point being a reference
point on the tool which is different from the tool center
point,

wherein the clamp value computation unit, for each of the
division intervals:

computes the instructed path interval allowable speed and
the instructed path interval allowable acceleration, on
the basis of the instructed path speed condition that has
been inputted;

computes the driving axis interval allowable speed and the
driving axis interval allowable acceleration, on the basis
of the driving axis speed condition that has been input-
ted;

further computes a tool reference point path interval allow-
able speed and a tool reference point path interval allow-
able acceleration, on the basis of the tool reference point
path speed condition that has been inputted; and

sets, to the speed clamp value, the smallest value from
among the instructed path interval allowable speed, the
driving axis interval allowable speed and the tool refer-
ence point path interval allowable speed, and sets, to the
acceleration clamp value, the smallest value from
among the instructed path interval allowable accelera-
tion, the driving axis interval allowable acceleration and
the tool reference point path interval allowable accelera-
tion.
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4. The numerical controller according to claim 3, wherein:

the tool reference point path speed condition input unit
inputs, as a tool reference point speed condition, a tool
reference point path allowable jerk of the tool center
point with respect to the workpiece, in addition to the
tool reference point path allowable speed and the tool
reference point path allowable acceleration; and
wherein

the clamp value computation unit computes, for each ofthe

division intervals, also a tool reference point path inter-
val allowable jerk on the basis of the tool reference point
path speed condition, in addition to the instructed path
interval allowable speed, the instructed path interval
allowable acceleration, the instructed path interval
allowable jerk, the driving axis interval allowable speed,
the driving axis interval allowable acceleration, the driv-
ing axis interval allowable jerk, the tool reference point
path interval allowable speed and the tool reference
point path interval allowable acceleration; and

the clamp value computation unit sets, in addition to the

speed clamp value and the acceleration clamp value, the
smallest value from among the instructed path interval
allowable jerk, the driving axis interval allowable jerk
and the tool reference point path interval allowable jerk,
to the jerk clamp value; and

the speed curve computation unit computes a speed curve

as a largest speed on the instructed path that does not
exceed the jerk clamp value either in addition to the
speed clamp value and the acceleration clamp value.

5. The numerical controller according to claim 1, wherein
the multi-axis machine tool is a table rotation-type five-axis
machine tool having three linear axes and two rotation axes
about which a table rotates.

6. The numerical controller according to claim 1, wherein
the multi-axis machine tool is a tool head rotation-type five-
axis machine tool having three linear axes and two rotation
axes about which a tool head rotates.

7. The numerical controller according to claim 1, wherein
the multi-axis machine tool is a mixed five-axis machine tool
having three linear axes, one rotation axis about which a tool
head rotates, and one rotation axis about which a table rotates.

8. The numerical controller according to claim 2, wherein
the multi-axis machine tool is a table rotation-type five-axis
machine tool having three linear axes and two rotation axes
about which a table rotates.

9. The numerical controller according to claim 3, wherein
the multi-axis machine tool is a table rotation-type five-axis
machine tool having three linear axes and two rotation axes
about which a table rotates.

10. The numerical controller according to claim 4, wherein
the multi-axis machine tool is a table rotation-type five-axis
machine tool having three linear axes and two rotation axes
about which a table rotates.

11. The numerical controller according to claim 2, wherein
the multi-axis machine tool is a tool head rotation-type five-
axis machine tool having three linear axes and two rotation
axes about which a tool head rotates.

12. The numerical controller according to claim 3, wherein
the multi-axis machine tool is a tool head rotation-type five-
axis machine tool having three linear axes and two rotation
axes about which a tool head rotates.

13. The numerical controller according to claim 4, wherein
the multi-axis machine tool is a tool head rotation-type five-
axis machine tool having three linear axes and two rotation
axes about which a tool head rotates.

14. The numerical controller according to claim 2, wherein
the multi-axis machine tool is a mixed five-axis machine tool
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having three linear axes, one rotation axis about which a tool
head rotates, and one rotation axis about which a table rotates.

15. The numerical controller according to claim 3, wherein
the multi-axis machine tool is a mixed five-axis machine tool
having three linear axes, one rotation axis about which a tool 5
head rotates, and one rotation axis about which a table rotates.

16. The numerical controller according to claim 4, wherein
the multi-axis machine tool is a mixed five-axis machine tool
having three linear axes, one rotation axis about which a tool
head rotates, and one rotation axis about which a table rotates. 10
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